During optical therapies, several types of interaction between the optical radiation and the target tissue can occur. The application of different power densities and the variation of the exposure time can cause from photochemical reactions to photodisruption. Photothermal therapy (PTT) is based in the thermal interactions, where the biological injury is provoked by a given increase of their temperature during the exposition to the optical source. Another treatment option very extended in several clinical fields due to its promising results is Photodynamic Therapy. This treatment modality is based in photochemical reactions where it is also required oxygen and the administration of a photosensitive substance known as photosensitizer.
INTRODUCTION
In recent years a strong interest has emerged related to the use of nanoparticles (NPs) in the clinical practice to improve the actual diagnostic and therapeutic techniques such as Photothermal and Photodynamic Therapies [1] . The development of models to obtain the NPs distribution as well as those, [2] , to obtain optical and thermal effects induced by their incorporation in the target tissue are very important to adjust the treatment dosimetry of these new treatment modalities, [3, 4] . However, as important as these aspects, is the type of pathology subjected to treatment that influences in the optical radiation distribution and in the thermal effects provoked as a consequence of light absorption.
This work focuses in the use of gold NPs to improve the actual optical radiation distribution and its effects in the local heating of different skin diseases treated by Photothermal and Photodynamic Therapies. In section 2 we present the optothermal model used. Once optical radiation distribution into the tissue with embedded NPs is obtained, we use a thermal model which allows us to calculate the temperature profile. Finally, the obtained results and their discussion are presented in the section 3 and the conclusions are contained in section 4.
OPTOTHERMAL MODEL
In order to know the temperature distribution in the target tissue, first the optical radiation is obtained by means of the Radiation Transport Theory, taking into account the pathological tissue absorption and scattering coefficients as well as those induced by NPs and calculated by means of Mie's theory. Then, it is possible to study thermal effects from radiation absorption in each point using the bio-heat equation.
Distribution of the optical radiation
Modeling the optical radiation distribution in a biological tissue implies dealing with an heterogeneous medium, which does not allow an analytic exact approach of the radiation pattern with Maxwell equations. For the problem we are dealing with, the distribution of light in a three-dimensional tissue must be obtained. This objective is reached by means of the Radiation Transport Theory (RTT) [5] applying a multilayer implementation of the Monte Carlo Method developed by Wang and Jacques [6, 7] . The basic parameter of light is the specific intensity, ) ŝ , r ( I . The radiation is expected to be at the point r r , and to follow the direction ŝ . The scattering events are treated according to the scattering phase function, ) ' ŝ ŝ ( p ⋅ , which contains the probabilities of light to be scattered in the different directions.
Optical radiation comes from direction ' ŝ and is redirected to ŝ . The basic idea in order to write the differential radiation transport equation is that radiation from a particle attenuates due to absorption and scattering and also gains power because another particle can scatter light in the direction of the particle of interest. This, with no sources inside the tissue and a steady-state situation, can be written as 
The absorption and scattering events which suffers optical radiation as propagate through the biological medium with embedded NPs must take into account contributions from optical properties depending on the type of pathological tissue and from NPs. In order to quantify both contributions, absorption and scattering coefficients, a μ and s μ , were calculated
where the subscript NP indicates properties of nanoparticles and the subscript pt indicates properties of the pathological tissue.
In NP assisted PDT the optical response of tissues varies depending on the type and size of the NP embedded in the target tissue, [8] . In order to get the optical absorption and scattering properties of gold nanospheres with a radius of 80 and 100 nm for the laser wavelengths in the red region of the visible spectrum (630-635 nm), we calculate the efficiency factors of absorption Qabs, scattering Qsca and extinction Qext by means of Mie's theory for an homogeneous spherical NP with radius r and complex refractive index of gold m, [9] , as ( )
The amplitude coefficients n a and n b for the scattered field, which involve spherical Bessel functions [10] , the refractive index of the sphere relative to the ambient medium and the size parameter x=kr, have been calculated as
where k =2π/λ is the wave number, λ is the wavelength in the ambient medium and μ 1 is the ratio of the magnetic permeability of the sphere to the magnetic permeability of the ambient medium.
NP absorption and scattering coefficients are quantified from efficiency parameters, cross section of the spherical NP and the number of NPs per unit volume by the following expressions
Thermal distribution
Once the optical distribution in the tissue is obtained it is possible to study the thermal effects that are produced from radiation absorption in each point. The main heat mechanisms that will be considered are [11] : conduction (the diffusion of heat in a solid from hot regions to colder ones), convection (interaction between a solid surface and a fluid in contact with it) and radiation (heat transport due to the infrared emission of a body at a nonzero temperature). The main objective is to obtain a differential equation that describes the spatial and temporal behavior of the tissue temperature (i.e., the bio-heat equation). Firstly, we take the balance equation for the thermal energy:
Each element of (2) admits an integral expression, and the final expression is given by: The resolution of the bio-heat equation is performed by the finite element method, so that the temperature distribution in space and time can be obtained. It should be remarked that the boundary conditions must be carefully defined. The model comprises a wide range of effects and entails a considerable complexity, giving a realistic approach for the study of thermal effects it tissues.
RESULTS AND DISCCUSION
The efficiency factors of absorption Q abs , scattering Q sca and extinction Q ext for gold nanoparticles (radius of 80 and 100 nm) were obtained by means of Mie's theory. The results are presented in Fig. 1 a) for nanoparticles with a radius of 80 nm and in Fig. 1b) for nanoparticles with a radius of 100 nm. Optical absorption and scattering properties of those nanoparticles were calculated at laser wavelengths in the red region of the visible spectrum (630-635 nm) due to their wide application in phototherapy. table 1 , for the three types of tumoral tissues used (infiltrative basal cell carcinoma, nodular basal cell carcinoma and squamous cell carcinoma) [11, 12] . For all of them the optical source power was varied and the temperature distribution was calculated with the thermal model presented in three different situations (without nanopaticles embedded in the tumor and with 80 and 100 nm nanoparticles embedded). The thermal parameters corresponding to the tumor zone and the healthy tissue below are listed in table 2. The temperature profiles have been obtained for three types of skin diseases (nodular basal cell carcinoma, infiltrative basal cell carcinoma and squamuous cell carcinoma) and for these pathologies with 2·10 9 cm -3 spherical gold NPs embedded. Table 3 shows the results obtained, the maximum and medium temperature reached in the three tumoral samples with 80 and 100 gold NPs embedded in the tissue and without them for different optical powers. In all the cases the NPs administration to the target tissue promotes a greater increase in tissue temperature, so that the power delivered by the illumination source may be decreased if NPs are present. Thus, the maximum temperature registered in a SCC tumor exceeded the temperature threshold needed to induce thermal effects (42 ºC) when 3.6 W were applied, whereas the 100 nm Au NPs incorporation reduces that power to 3.1 W and approximately to 3.3 W if 80 nm Au NPs are administered.
Taking 42 º C as the temperature threshold needed to induce thermal effects in the tissue, it can be observed that this will be reached first for the SCC using 100 nm Au NPs. There were also differences in the optical power needed to induce thermal effects depending on the type of pathology. When an optical power of 3.1 W was applied, only the SCC sample reached 42 ºC with 100 nm Au NP embedded whereas in the other two skin diseases a higher optical power was applied in order to obtain the same temperature increment.
The results obtained also demonstrate that during Photodynamic Therapy, where small optical powers are applied, thermal effects are not produced in any of the three pathologies. Therefore tumoral tissue necrosis in PDT is a consequence of a photochemical light-tissue interaction and not a thermal interaction.
CONCLUSIONS
The use of gold nanoparticles enhances the localized absorption of the electromagnetic radiation applied in conventional optical therapies based in light-tissue thermal interactions. In order to predict the thermal response induced by NPs incorporation in skin tissues a thermal response model for three different skin pathologies using gold nanoparticles was presented. The efficiency factors of absorption, scattering and extinction were calculated by means of Mie's theory for homogeneous spherical NPs and complex refractive index of gold which allow us to know the scattering and absorption coefficients needed to obtain light propagation in the tissue samples with NPs embedded by a numerical Monte Carlo method. The temperature distribution in the tissue samples was obtained by means of the bio-heat equation whose resolution was performed by the finite element method.
The results obtained predict the temperature increment produced in photothermal interactions when gold nanoparticles are incorporated in the target tissue. Optical source powers and type of skin pathology were varied. It is shown the great influence of both NPs and type of skin pathology in the adjustment of the optical power needed to induce the desired thermal effect. It was also proved the absence of thermal effects during photodynamic therapy.
